Black silicon layers were formed on silicon substrate by the surface structure chemical transfer method and by anodic etching method. Properties of microstructure of formed layers were experimentally studied by the electron microscopy methods (TEM) and characterized by statistical, Fourier and multifractal methods. Theoretical structures with defined fractal properties and surface roughness were generated and their microstructure properties were evaluated. Obtained results were used for the explanation of the real structure development during the forming procedure. By using of this approach, we study the correlation of roughness and fractality with optical properties. Black silicon layers were also investigated by using of Raman scattering method. Optimized theoretical model describing the 1 st order of black Si Raman scattering profile was constructed and used for evaluation of the biaxial tensile stress introduced during etching procedure. K e y w o r d s: black silicon, TEM, roughness, fractal properties, Raman scattering
Introduction
For the solar cells low spectral reflectance is required for improving quality of prepared devices. Several methods of forming silicon surface (black silicon) were developed to reach this goal. Metal assisted wet chemical etching method has been used in producing features such as high aspect ratio nanowires [1] [2] , nanopores [3] , tilted nanowires [4] and spirals [5] . Au and Ag metal particles were used in etching of Si in the presence of a solution of HF and oxidant. The metal catalyses the oxidation reaction that leads to Si etching. Black silicon structures can be also formed by reactive ion etching, stain etching, electrochemical etching, vapor chemical etching and other methods. An alternative method of forming porous Si structure is anodic etching. Anodic etching does not involve the use of an oxidant and does not require a contact metal to act as a catalyst. Applied electrical potential drives generated electric charges to the etchant/Si interface causing dissolution of Si substrate [6] [7] .
In the present study the nanocrystalline Si layers were formed by using the surface structure chemical transfer method (SSCT) [8] [9] [10] [11] . In this procedure silicon surface is etched in solution of H 2 O 2 and HF. The Pt mesh roller contacted with the substrate acts as catalyst. Etching procedure is not sensitive to the crystallographic orientation of treated wafers and therefore structures with ultralow spectral reflectance can be formed on monocrystalline as well as multicrystalline Si wafers. The surface reaction rate is very high (nanostructured layer is formed only for several seconds). We studied properties of formed microstructures treated by different technological operations by using the transmission electron microscopy method (TEM). Experimental results were analysed by using Abbott-Firestone, statistical, Fourier and multifractal methods. The results of microstructure analysis were compared to results obtained by analysis of theoretically generated structures with defined roughness and fractal properties. By using of this approach, we study the interplay between roughness and fractality of studied structures.
Optical properties of black silicon layers formed by anodic etching procedure were also investigated by using of Raman scattering method. We developed efficient optimization method for construction of theoretical model describing the 1 st order Raman scattering profile. Resulting parameters were used in estimation of the biaxial tensile stress introduced by applied etching.
Experimental details
The nanostrucured layers were formed on cleaned flat Si surface by the surface structure chemical transfer method. The cross-sections of formed layers were scanned by the transmission electron microscope JEOL EM-3000F with the incident electron energy of 300 keV. A set of theoretical structures with different surface roughness and multifractal properties was numerically generated. Statistical and multifractal characteristics of these simulated structures as well as real nanostructured Si samples were analysed and compared. Porous black Si layers were also produced by anodic etching method. P-type Si substrates were cleaned by standard RCA procedure and etched for 300 seconds in HF under electrical potential 6.4 V and current 50 mA. After etching samples were dried and annealed in oxygen atmosphere for 10 minutes at 850 • C. Raman scattering spectra were measured by using Thermo Scientific DXR Raman spectrometer with wavelength of laser excitation λ = 532 nm.
3 Results and discussion
Black silicon and theoretical fractal structures
Black silicon layers formed by the SSCT method and porous layers formed by anodic etching show complex microstructures that cannot be properly described by means of conventional Euclidean geometry. The microstructure of formed layer is strongly influenced by etching conditions, especially by the etching time. In the SSCT structures with gradient of material density we observe several forms of symmetries connected with the dimensional scaling. The self-similarity of formed features and scaling properties are typical for fractal structures. Development of fractal characteristics of formed structure is closely related to individual steps of forming procedure [12] [13] [14] . Information about the measured values observed at positions (x, y) on the TEM image is in our approach implemented in the concept of the random height function h(x, y). Experimentally determined h(x, y) values from the TEM experiment were used for computation of the multifractal singularity spectra f (α) and generalized multifractal dimension Dq [15] [16] . In study of observed structures we numerically generated a series of theoretical surfaces by computation of the h(x, y) functions with defined values of the RMS roughness Rq [17] and fractal Hölder coefficient H . Analysis of these theoretical structures enables estimation of the influence of the Rq and H variation on the statistical, Fourier and multifractal properties of studied theoretical as well as real experimental layers. Generated area of images was 10 × 10 µm 2 modelled by 512 × 512 image pixels. Area of 512 × 512 pixels at the TEM images was also selected in an evaluation of the statistical and fractal characteristics of the real structures.
The TEM image of the SSCT structure etched for 5 seconds is shown in Fig. 1a . Intensive modification of black Si layer in the volume of etched substrate can be clearly observed. In Fig. 1b surface constructed by random height function h(x, y) with the RMS roughness r = 10 nm and fractal coefficient H = 0.8 is shown. Structures observed on the TEM images and theoretical structures were analysed by multifractal [15] , Abbott- Firestone (AF) [18] , and Fourier (2D FFT transformation [19] ) methods. Multifractal singularity spectrum f (α) of the SSCT structure is shown in Fig. 2a . The concave shape of f (α) curve is significant for multifractal structure. We studied influence of fractal coefficient H and RMS roughness values on the microstructure properties on a set of simulated random height functions. Properties of multifractal singularity spectrum f (α), generalized fractal dimension Dq , histograms of h(x, y) values, and AF curves are shown in Fig. 2-11 .
In Fig. 2b the Abbott-Firestone curve (AF) is shown. The shape of the AF curve provides information about distribution of peaks and valleys observed in the structure. Above the highest value of the h(x, y) function 0% bearing area is observed and under the deepest valley 100% bearing area is obtained. The AF curves of theoretical h(x, y) structures provide in comparison to the real structure information about the influence of roughness and fractality on the microstructure properties (see Fig. 11 ).
In Fig. 2c the structure of Fourier domain of the SSCT sample is shown. It is closely connected with the distribution of small features in observed SSCT image and provide information related to the random height function values, studied by statistical methods (see histograms in Fig. 10, 11 ). In Fig. 3 multifractal singularity spectrum f (α) and generalized fractal dimension Dq determined for theoretical structure with the RMS roughness r = 5 Fig. 4 and Fig. 5 . These parameters illustrate the influence of the fractality represented by changes of H value on the structure with relatively small RMS roughness of r = 5 nm.
We constructed theoretical surfaces with different RMS roughness r = 1 , 5 and 10 nm and different fractal coefficient values H = 0.1 , 0.5 and 0.9. Results of multifractal analysis of these surfaces are shown in figures Fig.  6-9 .
The influence of RMS roughness on the distribution of the h(x, y) values for structures with the fractal coefficient H = 0.1 , 0.5 and 0.9 is illustrated in Fig. 10 and the influence of fractality is shown in Fig. 11 for structures with RMS roughness r = 1 , 5 and 10 nm.
In all cases, for structures with small as well as with higher roughness, we observe dominant role of the fractal coefficient H . With increasing of fractal H value, the amplitude of distribution of random height function is modified very intensively for all values of selected RMS roughness (see Fig. 11 ). Changes of the RMS roughness modify dominantly the width of the distribution (see Fig.  10 ).
Results of the Abbott-Firestone analysis of theoretically generated structures h(x, y) are shown in Fig. 12 .
Fractal coefficient values H are not significant for the shape of AF curve (Fig. 12a ). On the other hand, the RMS roughness influences the distribution of peaks and valleys significantly and with increasing RMS roughness the modification of AF curve is emphasized (Fig. 12b) .
Microstructure of the SSCT layers show dominant multifractal properties modified by the roughness. It is caused by very high speed of etching resulting in forming of structure with the particle size gradient. Self-similarity property of formed particles causes importance of fractal properties of resulting structure. This kind of structure show very low spectral reflectance in wide range of wavelengths [8] [9] [10] [11] .
Optical properties of anodic etched silicon layers
We fabricated black Si structures also by anodic etching method. Properties of formed porous structures were experimentally studied by Raman scattering. Theoretical model of the 1 st order Raman scattering peak of black silicon structure was constructed by implementing of pseudo-Voigt function for the Si scattering profile. Pseudo-Voight function [20] [21] is in our approach defined by equation
Parameter µ is used for definition of Gaussian and Lorentzian content in the pseudo-Voigt profile, ν c is cen- In the first step initial values if the model function were estimated in interactive graphical environment. Estimated initial values were then refined in optimization step based on implementation of stochastic optimization procedure (genetic algorithm) combined with Levenberg-Marquardt optimization algorithm [22] [23] [24] . These optimization steps provide information for reliable determination of the 1 st order Raman scattering profile and study of the crystal lattice distortions. Refined values of theoretical pseudo-Voigt profile model of the Raman scattering of black Si structure are given in Table 1 . Resulting theoretical models for the Si substrate and black Si structure formed by anodic etching method are shown in Fig. 13a and Fig. 13b , respective. Center ν c of Raman profile from black Si is shifted towards lower wavenumbers. This is caused by the deformations of Si lattice structure during etching and results in introduction of tensile biaxial stress. Value ν c (Si)ν c (black Si) = 0.438 cm −1 corresponds to isotropic biaxial tensile stress of (σ xx + σ yy ) = 228 MPa introduced by the anodic etching procedure.
Conclusions
Black Si structures were formed by the SSCT and anodic etching methods. Formed SSCT microstructure with gradient of particle size show characteristic multifractal properties. In this work the role of fractal coefficient H and RMS roughness were studied theoretically. We discovered dominant role of fractality in forming properties of structures with various RMS roughnesses and dominant role of RMS roughness influencing distribution of peaks and valleys as well as modifying the width of the distribution of random height function values. We also discovered the shift of the position of the 1 st order Raman scattering profile in anodic etched silicon structure. This effect is caused by isotropic biaxial tensile stress introduced by the anodic etching procedure.
